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*)^^, o. *}^5\-s\5m ^mjl, -s^m 

S. 1 
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*}^*V^ ^iJffl^a H ^IH^ {SUSPENSION OF VEHICLE AND METHOD FOR 
CONTROLLING THE SAME} 

il^^ >*JaHH o^tb ^^Ml 51^2^ l-^-£olrf. 

£ 2^ tijo^^^ 2.^1}"^^ (decoupled modal equation)*^ -g-a} 2. ^(dynamic model) 

£ 3-g- ^3^7]- ^-g-^, W]<g^ S.c« o V^Al n>^^ A-jiig^ Aj^efl 

2] ^3 ^c^]^- £^olcf. 

(p)7> ^ ^^1, ^§^-8: ^7lofl ol7K>7l ^H7l7> ^<5Rr 51*1 

£ 5^ ^ 5L= ^f- p># ^^7> yl-^^j SLEL^^-fr n>^>^ 

^ ^ <£d\]^r £A]*j- JE^t}.. 

(P)^4 ^^1, ^7lofl ol7>§>7l ^]o]7}7} Sf^-i- £_X| 
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<8> ^1*>^ £o) x\i§-x}2>\ (suspension)^-, *>^*>7> ^3)*H= ^<j r 7fl 

3^ ^ tfl-§-^ ( 7>^/^S]a1 ^(vehicle dynamics)* *IH 

i-g-(noise) ^ ^1 -^(vibration)*- ^H^f. 
< 9 > s.av^ o.^ a^^I^ch]^ t^*H} ^VaVs] ^ ^ (wheel M^- ^^^^7] (shock 

absorber; damper )7> ^^^i}. ^-^(spring rate; spring 

coefficient)^ (damper )^ 7fl^( damping coefficient), ne]JL 

-Mt^I^I o\] o]&)tV ^^]^^(design factor)^* -£-43°-^. 

^JlS*) a^^^o] 7l^-(performance)-ar 7l 51*} Srxr 9*^7} *}^s)o]<£^. 

4=-^ *H^1, 4^7fl^ (excitation actuator) 

# #^H, ^i^l^H iH^Rr ^ (vanish)^ ^tr 91^7} 
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<n> <£d\}£., xM (Direct Velocity Feedback Control) 4^ 

-fi-5I(multiple degree of freedom)**] 7}-^*} ^i E J°ll^ ^JL^K damping 

effect)^: ^7>a)^ X\^*9\ ^x}^ ^^}f}jL fltf. ^3 
(asymptotic stability)7 r Ji^^l tj-^. 9X^. 

<i2> asN, ol&|tr 33 #51 3x] = «fl xH« ^ <&^^§- ^-^>7l S^Itt # 

(equation of motion)°-5. SL^^fr}^ ^-fofl t}^ 7 fl<q W o v ^^l- O l ^IS. ^^(coupled) 
<i3> oj-sH, <£^£)*1 ^(non-coupled) £^«oMH°l ^3 51^- ^)^\ 

A M", ^7^]^ A^^ofl ^Hjtb <e]7l-§>£^ Xl ^<^7H ^tr ^7> ^ 

[^ol ol-ji^ is}±=- 4X1] 
<14> ^. ig-tgo] ^ ^ ^. ol ^. ^ Zl ^31^, ZL 

<16> 4^7^ (spring), ^7) z}-z}- tfl-g-sq^ 4^7^ ^(damper), ^ 4 

^(p)7fl2] ^ 7} (actuator )# 5L^Rr *r#*r^) ^^^l^d* ^#^7} &±f- 4^(n) 
*HfS. ^ ^7> ^ «J-^^(^«h^l)o.S ^sH^Kr #31; 

<i7> ^-7] 7^^^(K)$\ 5l-a-^Bl(eigen vector)## Tfl^SHr ^Tfl ; 
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1020030056189 %^ 2003/9/19 

<is> #71 Jl-^-^Eis.^ %7] =^«HU^ ^^KMH tfl^ ^fl-gj- (normalize)^ # 

*l; 

<19> ^-71 ^fl-S*-^ Jl-B-ajBi#S. °1^-<H^1 -fi-A>£$;^(S)(siinilarity transform matrix) 

♦ ; £ 

<20> ^-71 ^ ^fl-^-Cmass normalization)* ^f-*ll ^Ml* S.S. ^fl-^Kmode 

normalization)^^ ;fr 3Elr^}-£f. 
<2i> o]^ ^i^l^^Sr n ^Hj-^Al ^>^ 7 > £ 

<22> [-^i]^ a&(o+c(x(o-«(o)+^(o-"(o)=^/(o^- ^ni^-rf. 

<23> ^-71 ^H A 1, ^Jfl'S Al^ego^ 7>-B-£( degree of freedom)^- ^7}$] 

<24> M, C, ^ iT^ nx n cfl^ls] ^s^Kmass matrix), ^ (damping matrix), 
^ ^^MC stiffness matrix)^, ^7] ^^(M)^ «y=^*l ^(positive 
definite matrix), ^7} #£)^*i(C)£- ^(positive semi-definite matrix), 

ZLS]Jl #71 #^*Sll(iO£r <£^*1 ^(positive definite matrixHJl, 

<25> ^-7] ^71^1 ^*H1 ^-§-^1^ nxp^ ^ ^(real matrixHJl, 

<26> w(0^ ^ n xi ^Efl^jEKstate vector)^ 2) f^B] (disturbance vector 

/(Ofe pxl ^3(^, ^^)*jEiolcf. 
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<27> #7) 5L= #7^, A ^(^)^ ^71 cfl-g-£] 

^sjj^ zj-i] ^(damping constant )( c /) k j= axc j^\ ^^7> -S^*> 

<28> o]ei*V A^^ AjiEflo^ A^yJ-B^ 71^5., ^o\] 4^ 7>-^^> A^^l^ A^Bfl 

^-^7fl^ (spring); zfz} tfl-g-s^ 4^71) 2] (damper); ^ 

^7l 7 r ^Hl ^"71 ^li^^l ^H*N# iH^Rr ^(p)7fl^ ^ 

7l(actuator)» 5L^>^ 7>-^^ a-^^ , Aj- 7 j 

^7> 5£*r 4^(n) Af-^£ ^7> HMH(tf7l ^^-ai 1)0 1 til^s}. 

(decoupled) 5]^ 3J-§: ^-^^-S tr^. 

<29> ^#tr ^r^f ^1, ^7l A #*r( 4 v 7l 

3 (damping constant)( c >) ^olc^ k j= axc j$] ujefl ^^7> >SfJSHr 

<30> i^cq A^^A} A^^, # 7 ) ^AlioflA^ 3.B. ^(n)^ ^ 7 fl^ 

(p)7> ^^tt ^-M. 

<31> ^71 ^*\B](x(t)) ^ n ^£(x(0)# 3#*}7l ^tr ^#-n-^; ^ # 
Hfl^Ei(X(0)a^ ZL ^£(X(0)# 7}2LS. ^7} ^7}^: *1H *M ^ tr ^ 

<32> #7] ^J=t-&|^, f=Q~'f$] ^S^JlsL ^71 ^71 -fr^-fr *lH*Hr ^oj W}^*} 
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<33> * 

<^7H, Q = s t p > fi=-C Si 4i t «i x(0 = 5'#(0s.Ai, Cs >^ i^*fl 

i?>o] rf^Ksky hook damper)^ #^1 ^(damping coefficient)^^. 
<34> £ Mj-^o} Aj^Efl-^, ^- 7 1 ^tq-Allo^cq ^2§. 7 }<>\ 7fl^(p)7> ^ 2. 

— ^(n)l±4 ^ ^ofl, 

<36> * . P 

f i =-F Si sign^ = Y j Q ij f j 

/=i » ^-§^(7(0) JUL ^-7] ^ 

<3?> Q = S T P ^ xCO-^^Oojjl, F fflfe j^^fl ^cofl ^7>o] ^- ^ 

xj\% ^^(sky hook coulomb friction damper)-^ ^r^^l^f. 
<38> &t ± ^^^o. s> av 7 ) ^Hfe^, /=Wi ^ 7=1,...^ #«M t 

<39> VQ/^)^0&g 2/ zg^4)>0&..^/^„)>0, /,=-F„ 

//Q/^li)^o&a/^«(#2)^o&. • Qfi&ttj <o, /, =-f, 

\ifa^l)<0&Q 2j si gf i(i 2 )<0&-^ n/ igrKl)<^ fj=-F B jo. ^^ ( /(/)) 
iliS. ^-71 ^71 -fr^-fr ^H^Hr 5Jol y>^2i^>4. 
<40> (c$ 7 ]*\, jwi^ ^7l7> ^ °X±r °<J=^ s] tfl *fl<>| ^ ( pos i t ive maximum force)4 
3] (negative maximum force)-!: F p ^ F #&t Hk "fl, ^(0)4 F /> 

40-9 



1020030056189 
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<4i> ^1, ^"71 

<42> /=l,.../7 g| 7=l,...^o11 

<43> [</"a»WS)^0 /or / =1,... a fj =-F A 
< */Q^g"(£)<0 /or < =1,... A /, =-F B > 



*fl<H*Kr 3°1 «>^^>cf. 
<44> tiV^^Tfl^, ^-71 ^ f pSMt, h^jl ^-71 ^fe 7H^ ^ 

<45> ^ofl o}^- ^ t]-§- ^H«o^^r, ^"71 1^ ^3S\-S\o] s£ 7 ] ^-^2 

^ ^°1 ^-(decoupled) ^^Hr A^^^g- ^]<>|s>7| ^^><^, 

^Ajiofl^cq 7>-^£(n)7> ^71^ 7fl^(p)^ ^O}^ ^-f^fe, 

<46> ^. 7l ^^x^ ^Efl^El (state vector)(^(0)^ ^ £ (x(0)# y^Sfe #711; 

<47> /^^(WC^X^r 1 ^)^)^ ^0.5. (/(0)* Tfl-HrRr 

3-31(^71*1, C si^ i^^fl a^l <^^^ ^ ^ si (sky hook damper)^! #^7fl^ 

(damping coefficient)^ ) ; ^ 

<48> ^"71 Tflx^ ^^(/(0)o.S AJ-71 ^^71 -fr^-fr ^*Hr 3:31 £ft}^ 3}^ !^ 



Otherwise , 



/,=<> 



* ^^(/(0)^.s. ^-7] ^^71 -H- 
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<49> 



<so> sfr 7 ] ^x\ 2 «\]*\, 1^ nx n ^^Kunit matrix)^ Jl, 

<5i> t§^(S)±r JL^EKeigen vector)#S. °l^*lJl ^^^^(M)ofl tfl 

*H ^5Knormalize)€ *8^S>H, MtSH Q = S T P f = Qf(t) t 

x(t) = Sg(t) u(t) = Srj(t) S T KS = diag[a i 2 ] = A K ^ S T CS = C = diag[2^ ^ 

<52> S ^V, ^6\) ^ ^ 7]^ ^HWJ-^, #7l ^^14 ^1 ^^<H #71 ^ 

^24 ^1 ^(decoupled) S-S-^-N* ^^r^r ^1^^ ^H*>7l ^ 

#71 ^^1S1 ^£( n )7> ^71^1 7fl^(p)^Cl- €• ^^1^, 
<53> (state vector )(*(0)£1 ?fl#SHr #31; 

<54> z=l,.../J ^ 7=1,.. .,^1 ^><*1, 



<55> 



ifQ J sig*i 1 )>0&Q 2jS ign(i 2 )>0&- • QfifftS.) <Q /y 

[(/■Q/^)<o&a/^4)<o&--a,/^j<a / y 



-F 

(2"-2) 



Si (/('))# 



(positive maximum forced ^cfl (negative maximum force)-=r ^r^r F p ^ 

^Vel- % nfl, ^ ^(0)4 F /> *\°]2\ F B±r ^(0)4 F " Al-ol^l ZL^Zl 

Ar = l,... ) (2"-2)o 11 ^ F k fl-^*-, F p q F N X[o}^ ufEl-vflcf); ^ 
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<56> #71 Tjl^ ^mf(t))°_5L ^7) ^7} ^*Kr S^Kr 3^ ^1 

<57> ^-71 ?\}^7)}±r, 
<58> /=!,...,» ^ j=l...,Po\] 



<59> 



i/g^/gn^O /on =l.../i, fj=-F A 
if QijSigndi) <0 for i =l.../i, f- =-F B 
Otherwise, fj = ® 



<6l> o]^> ( ^. M^o] ^Al^s- ^JfQ ^]f>] ^^*Vcf 

<62> ^. ^-^o) ^Al^joll ^^V A^^-g- i^J^V Ir^^olcf . 

<63> 7>^^H1 ^€ €^ 7fl^(^, ^ &*\$) 7fl^)ofl -^^VTfl -g- 7> 

¥*>tK t^-nV E loll^ , <1H15. 47fl^ ^(120)3f ojofl cfl-g-S)^ iH^(140) ^ ^ 
(130)7> ^l(100)oll ^3gJ^ £Als>^cl-. 

<64> ^IUOOHtT #7] ^Hl(lOO)^ ^^"Bfl* ^*}7) ^(H0)ol ^"^Cf. 

#7] ^Hl(lOO) ^^Ei (state vector )(*(0)£} 4 

€4i(element)^(w>^^7ll^ =L X\ &ti] «^ ( x(r)))^ # 7 j 

, w}^^ ^^1^, ^l^o] ^1(100)^ (translational motion) ^ 3] 

^£r^( rotational motion)^ ^ 67fl2] ^^^^^ ^ ^ oitj-. ^ 
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(110H ^Bfl^Ei^ 1}+^ x}^} X]^^ o.^V^Alol 

<65> ^1(100)51 A^AA ^ ^St\ ^aH<3] 7^5^ Aj^^O. ^ 

(FL) ^31^, A9 -f^(FR) 7^^, 5j-^(RL) ZLe)JI *-g- -f^ 

(rr) ^i^n^* 

<66> FL, FR, RL, ^ RR ^^Hl^ ZL *l^<HHo] ^^^^ofl 7j-*j) 7 r ^* «M!Js} 

*r ^7l(160)7> #^4. olsltb ^HH^, ^71(160)1:^- AA 47flS. 
1- £A]sr}ji oiAM-, = -go] 7 fl^'£# ^^71(160)7]- A AH ^-1: ^ 

7fl^ ^7l(160)# 7>^1 A^^ofl ^.g. 7}^}7) «fl§-o)cf. 



<67> ^.rf ^I^JIS ^*H^ T^^T* ^7jK»£ ^ 7^^ -M^* H^tt 

A. AA, °}*\A ^^A^ <>13tr &*$A 3-§-^«- 33- -g-oj^Tfl ^ °x 

^A, A^A A^^\ ^A^AA AA^^r XI, ^£ ^7)2\ 7H^# p^Jl *H 

<68> ^(viscous damping)7> tf7KKE(multiple degree of freedom) 

(linear) T^^ofl ^(100)^ ^wj-^Ai rf£- [^^-ai i] jif ^ S 

<69> [-t^i n ^(0 + C(a:(0-"(0) + ^(jc(0-"(0) = ^/(0 

<70> o] ^Xj^^ 
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M, C, ^ K5= nx n tfl^sl ^^=*S^(mass matrix), «M( damping matrix), g 

(stiffness matrixHcf. ^7} ^^^(M)^ 0 ^^] ^(positive definite 
matrix), <#7] #^1*31(0^ ^^H^l ^(positive semi-definite matrix) , n?)JL 
<#7] A A 3*8^(K)-& <#^*1 ^(positive definite matrix)°ltf. 

<71> ^-71 ^71(160)^ ^^Hl rfl-§-^)^ nxp2] ^ «(real matrix)*^, 7(0^ p 
XI ^(^T, ^7H1 <?]7 r Sl^ ^^)^Eiolcf. X(0<4 "(O^r Zj-Zj- n xl ^Efltf} E ^ <2\ 
(disturbance vector )o]cf. "(0^- ^ ^(120)°1 <q*H <$7lfe 

^-^^HlTfl -§-ol§>cf. se^, ^r^l^ ^ ^^(coefficient matr ix)#(M , C, A, 
2? s.^tr 7>^ nfl, ^7] ^^lofl tfl A^^^ ^ 

^7Hl7fl 7>^^cf. 

<73> , #7] ^«f^lSl «l^Aj5). 4^ (decoupling process)^ cflsfl ^^W- 

<74> .TL-ft-^EKeigen vector)^ ^}J1 o] jio.^E^-i;^- ^^KM)^] 

^ ^(normal ize)^-^, o}Bfl ^t}-*]2» ^§>^ «M(-S)1- ^ ^ 
<75> 2 ] S T MS=I ^ S^ = <tfagK 2 ] 

<?6> ^ ^^H, <ftag[fi>, 2 ]±=. (i,i)^*H .^(element )7> e^o] cflz}-^ ^(diagonal 
matrix)^- ^tM=h ^SH^u A *» ^ASS. ^tW^, A K=S r XS) 

<77> 2 

SEtb, nx n ^^Kunit matrixHJl, co t o. ^ ^ KiO^ jw}*)] jL-fj-^Ceigen 
value)-^, jL-ff ^-§-^(0) (natural frequency) ^ . ^§<H1 ^^cf. 
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<78> 3 ^*\2$r i$mS)£) ^fM^torthonormality)-!- S^^>JL 5£th ^^2^ 

-fr^^lKsimilarity transform matrixXSHl £RV -fr^r^tsimi larity 
transform)^ ^sfl H^*3!(M)-& ^ 3^5., 3H3*Sli(iD£: tflz]-fg;g^. ^^nf^ 

<7Q> A 

-Pr^mM^GSHl -fi-A>^^ofl o^sfl #£)3J^(C)sl -frA><8^ (C)(similar 
matrix)(°]^r (modal damping matrix) 0 ]^ tW-i- °>2fl ^^H3^1- #©1 ^T" 

<80> 3] S T CS = C 

<81> A 

#7] S.S.^^^(C)^r n x n rfl^ <£i&3*l ^(positive semi-definite 
matrixHH, f^AS wlcflz| ^^(non-diagonal matrix)^. ^sfl^l^. 

<83> 4] (^^(O+^c^co-iKoJ+^i^W-iKOj^^WO 

<84> £J=#^*J^(S r CS = C)<>l tflzJ-Sj.7} 7>^>cf^, ^*H]4^ 3)-^^ -fKr^^l o\is} 
<*| tflzj-aj.^ y o v ^, SJ=iJMJ^ (modal equation)^ €*3>H ^tt 

<85> A 

iHSfe, A^jffl^ Al^ofl o>Efl ^^5Sf ^ S?i-g: ^-4^5-^ 7>^s> 

<86> 5] *,= axc ;(j=l ^5.^ 7fl^) 
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<87> ^^5^1^, a±= ^°}JL, k j ^ c J$r ^(spring coefficient S 

spring rate) ^ 31 ^(damping coefficient)!- zj-zj- ^^ltr4. 
<88> -f-^o.^. ^-f, ^}$\ ^<y-g- *\]°]f>}7} 

^fKCH^I #£]?fl^Hr 4 = i4 ^ ^^Ml 

<89> -^(spring coefficient spring rate)^- ^(damping 

coefficient)* ^ k j ^ c y5* § *fl , 7}^*r 2-€- tfl^ *,= axc ,(# ( 
A o v ^)l- ^*>-£^- *>^r 3H4. ^r, FL , FR , RL , RR-f- z| ^^ofl ^-a}- 

3^ ^5.^4 ^sHi di*i ^ ^ #$^7} ^ig. an- 7H£^ * r fe 

4. 

tcj-s^ oje^l ^ofi ^r^, M^^l(C)^- *J-^*3KiO^ (similar 
matrix)( A * = S^S):^ d>^-7HS., tflz^r 7r^*Ml ^l^r z>oj tflzf^. 

<91> 6 ] 5 r C5 = C = c//^[2^,] 

<92> o} ^^-Aigofl^, C,^ i »i^fl S.J= ^-ilaKmodal damping ratio)* £Htr4" 

<93> ^^52f «H|, ^^KHL^r, ^^4)# cfA| o>sfl ^«j-^7* 

<94> 7] /|(0+^g[2^^ I .fe(0-^(0)+A JC fe(0-7(0)=/(0 
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<95> o|7H, f = Qf{t) ^ Q = s T Po} 3L> x(Osq- u(t)o\] #*\\*\^ 3^ «>sf ^-o] 

<96> ifl ^^lyo^ ^ ol^ a>S|- ^-o) ( ^i^^ o.^.wj-^Alo^ ^^o] cflz^S)- 

<97> oj-^ , <$ ^^i 7S -«Ei n7fl(i=l,...,n)^ -2.= ^^ (modal equation)* <^>efl ^«}- 

f*(0 + 2^>,(f y (0 - 7>(0)+ »?(&(/) - 7,(0)= MO = 

[^^Hl 8] >i 

<99> ^-jis., 22^^ (decoupled modal equat ion)*^ ^ £. ^(dynamic 

model)* 2. 2<H1 £^^5^4. 

<ioo> $ +^x\ 8 6\)*\ ^ flfe w><4 ^o], ^l^Efl^ o^^jo ^ ^^.oH 

*1^*, *fl<H« ^71^ ^§-^* ^Tfl^Tiq-, ol7>*f7l 

71- Dfl o- &rHfM] ^Cf. 
<101> Ole^ i^o} ^Aj^o] Aj^Efl^ _E.tr ^gj. ^^i^^. ^e)*}^, 

(eigen vector)!-* Tfl^H , Aj- 7l jt*^-!-* #7] -r«Hl^ l^*i(MHl tfl*l- 
°3 ^SKnormalize)*rH ( #7} ^fl-s}-^ -H**^-!^ ol^^l 
* A >^^r^^ (5") (similarity transform matrix)* -tr#tr #7l ^irfsKmass 
normalization)!- ^^fl ^^1* S.B. ^^ffsKmode normalization)*^ 
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<102> o)z\i$. A-j^A^ Al^Eflo] Aj^wj-igofl o}^, A^^ Aj^Efl^ ^ ^^xg-Al«-E-l ZL 
3"^ u o V; ^ 0 l ^Tt$-7} € ^7fl7> 3^71] S)JL, Xt\-Z}-*\ o]^i& A^^-g- 

^^S-^m (vehicle dynamic analysis)^ <3^-I- -f-*fl T-^?}^ ^HS^ 7fl^j-a} 

<103> oj^H]^^, ^ ^ -g-^-o^ ^^.^ (active damping)!- ^ 

<104> A^^ £^cq 3 =.3 £ ^3 ^Al^ofl o]^j. A^^ Al^Eflofl^ 

, £ l°fl 5^1^ ^-^^(110)O.^E^ 71 

^-71 ^7l(160)#-8- ^^^71 3)*± ^1^71(150) (controller)-!- ^ ^g-*VcJ-. 

<105> A o V 7 ] ^(^71(150)^ H^-Zl^l ^*Kr Sj-vJ *HH3.^^H^. 

<106> O^o] Ajx^ollAi^, ^(n)^ ^71(160)7]- ^*]& T^^-oll ^ ^ll^AHlS!}-, 

S.^ ^r(n)^ ^-S- 71(160)^ 7fl^(p)7> ^ Tg-^l ^tr ^l2^Alojl S 

<107> -M- *\}l^X\d\)6]) A-^^ Al^Eflo!]^ ^ 7] ( 160) o) 7)l^(p)7> 

^r(n)^ °1 "^Hl^, 3M1 ^ «r ^3^^ i^o] ^ 

(sky-hook modal damper )# ^-§-^>^ w>^-^jsr>cf. o]&)*}. ^j-o] ^- 5.1= t§^ 7 ]- 
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3-8-€, £^^-]t 1>^^}^ -H^uffl-S Al^Eflo^ ^3 2.^* £, 3^1 E.^^*> 

<ios> f-#^°] ^s] (viscous damping damper ) 7} ^l^l^rC^, 

^H^ ^^r^l Hle^Kr ^^(damping force)^: vfl^ , ^}°) ^ 

^cfl^s^l tiHl^ lH3sRr 

<109> nj-sH, 3- 7j-^i ^^(2.= ^cH^)(y;.)o. of5fl 

<no> - _ i 

<U1> ^ ^^J-Algofl^, Q,^ i^^fl s.j=6j| 0^5) ^^o] * tfl^cq ^-i)^^o)jL, i«l 

<H2> £ c -(n)^ ^71(160)^1 ^r(p)7)- ^^^^(^, n=p) ^1(2)^ 33*8^ 

(regular matrix SE.-^- non-singular matrix)^, 7V^ 39f|( invert ible matr ix))°l2.5., 
^^(/)^ o>5fl ^^lO^f ^-o] ^^^rf. 

<113> l^qq 10] / = 0-7 

<114> ^ O}^}^ *\^®# A]^ej^ o.^^Mjj, 0>Efl ^AlllSf ^ 

<115> 11] ^(0 + (2^ l +C s ,)# I .(0 + ^(0 = ^7,(0 + ^(0 

<116> ^t^Ho|]^ <£ ^ 54^ ^ ^-o], a]a^S) £-g-«<HH^ 

^ISatf. nJ-BH, #71 T^7l(160W ^^104 ^ ^7>^>7fl 5]^ 
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<117> ^^1104 ^ ^7l(160)ofl °l?m7) ^11^71(150)^ 

<118> £ 46fl W]-P^ ^-ol ; ^O]7l(150)^ ^l^-B-^(llO)^ -A] 311- 7l^S ^Efl^] 

Ei(*(0)£] ^^(^, ^£)(X(0)^- 7jl^-*>^(S410). 

<H9> o-i^^ ^-EfltfiEi(x(0)oj ^£«3]E](x(r)) S .«-Ei S^Efl«3jE^ (#(0)(modal state 

vector)^ ^£(1(0)1- 7fl^*VtKS420). JiH^Efl^Ei (#(0) 2} #£(^(0)^ a^^o] 

<120> ZL5]J1, o]E^V S.^Hfl^]Ei(#(0)^ ^(#(0)1- ol-g-^, ^-^Ideo)^ o} 7 pI ^ 
^ «J}Ei(/(0)« ^^tl-^-(S430). 

<121> ^ ^-^^ O.^ ^- 7 ] «J}e1(/(0)^, A^^o} ojDl ^£ -H-A}^ 

3)1t(S) ^ ^71^1 ^^(P)^r °l-§-*H*|, 3 ^^103f tfl-§^, 

<122> ol^T]! ^A>^ ^Jg-S] «J|e^(/(0)# ^ ^^7l(160)ofl °1 7>tl"4(S440) . 
<123> o)s£o] ^ofl^, ^eflsf ^ ^ ^_S_7} 
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<124> ^ %^ s _ > aJ. 7 | ^ol7l(150)^ €^^(110)^- ol-g-^H #Bfl^EK*(0)^ 

3#*Kr ^JUr 4*H-frbJ(li0) 

^5L(X(0) ^#^r, €*1^(110)# o]-g-*> ol^o] Hj-rtofl o)^ ^-Efl^E^ ^£(x(0 
<125> £t V ( tf]Bl(/(0)^ ^3 ^^r^M", o]^ 

f(t) = (S T Py x (-C Si )(S T KSy\S T K)x(t)g) ^ ^a>^ 7 1 £|tr ^V^tr ^^1^ ^°}^\-. 
^ ^sLtt (S T Pr\-C Si XS T KSr\S T K)o) 74H7l(150H] ^-g^^EL, ^^B] 

^5L(x(t))o) ^#(S410) ^Ml ^-Efl^jE^ 4?}E(x(t))2}- 3) 7]^$. ^ 
(S'Pr(-C Si XS T KSy\S T K)^ (/(*))* y A o_s. « ^ 

<126> O^}, ^ i^o] ^2^AHlofl S]*V A^^Ai ^ -g^th 

<127> ^7-1, ^. Sj-^o] ^ 2 ^Al^)o 1 l ^ X\^6\)^ ^7 1(160 )o) 7 fl^(p)7l- S.JEL 

^(n)J±4 ^"Cf. °1 nfloflTr, ^*!> ^^.A^ ^7>o| S.= ^ tfl^ 

(sky-hook coulomb modal friction damper)-I- ^-g-^>^ o]e|^- ^?}o) 

& 5LEL ^ u}^ ^7} ^-g-^, tij<3^ 2.*=^^ A^sgjAl A^Ao} ^ 

<128> ^7}°] ^(p)7> 5LB. ^(n)iUl ^ ^-f , a^^ X\^^\ °-^t$x\o) 

Jg.e$ ^ Hj^^S}- ^ ^ &7fl ^rf. nJ-eH, 5L=^i)*M (C)^| tflz]- 

*J-(diagonal element) &-ir ^7>Al7l7] ^sfl S-E. ^E^l aHl^r^ ^7}^ 
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*}?± *r ®<L^, S-^^ ^7>a] -71 fe- ^-foll 2.= ^ ^-i)cHl Jf^*} 

<129> rr)-^, ^-o] ^yjdeo)^ 7 fl^( p )7> ^r(n)^ ^ ^-f^l, 5.JEL 

^H?r ^ 3.?= (sky-hook coulomb modal friction 

damper)!- ^ -§-*]- 31 t}^ ^ojcf. 



<130> 



<131> 



12] 



<132> ^ ^*vai 12 o11a^ F Si ^ i«i^J) s^ofl <£;g5} * f-f- (sky-hook 

coulomb friction damper)^] t 3 }!^ (frictional force)°lcf. «>^r , p^ ■=?■ 

^71^ 7 fl^» «(£)^ S^P^. ^£4. i^*fl 2-=^ ^cfl^S. 

<133> •/* 
Tll^tf. 



<134> [^^^1 13] 



(/"Q/^,)^0&a//g«(4)^0&- • -Qfigrtt) <0, fj 
ifQjSigrt£ x ) < 0&Q 2j sign(i 2 ) < 0 &• • Qfiffii} > 0, /; 

(/• a^4)<o&a/^)<o&--^//^„)<o, y; 



—F 

(2"-2) 
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<135> 3 -^ 13o1 i^ ( F p ty. F N &_ ^ ^ 7 ] 7 \ v§ - oi^ ^ ^lH^(positive 

maximum force)^- -Ir^l ^^fl ^ (negat ive maximum force)-§- M^vflc}-. 

<136> , (~ n -\ 

it-ir 7>^^> % ^3 n aj^ 2.^^ ^ 7} x\ f]n 3- ^oicf. 

<137> ^ ^^H^IMfe, 5L€- ^d^z} ^ 

^ -fe=l,...,(2"-2)o)i F * S.^ <3(0)JL5. 

<138> ^, <>}Hti ^^14^ ^-o] j*}*)] ^^(/y)(j=l p)# ^]a>^ ^Jol^. 

<139> VG,^"(^)^0 /or / =1,... A /. =-F p 

ifQjSign(l)<0 fori=\...si, fj=-F N 
14] ^Otherwise, fj =0 

<wo> ^ ^^146)1 ^l^oi]u]^# ^(dissipation) a] ^ ^ flfe 

<141> ^c^lS., 21- 24^}^ *H-:£* ^ ^^^1 2 7fl^ ^-^7l7> ^§4-, 
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<142> ^^14^ ^ ^^13^ ^ §)o. t ^^7l 7} 3.^: 5LZ.<%*\ 

^7l7> S-JEL^H <H]ui^# 7l^r ^-f^l, °}7>^- ^ 

o] tf^fe^, °] ufl <y7>5]^ ^-g-^ ^7l(160)7> ^ ^ ^ 91^ ^tf ^^g- 

<143> cr^h S# ^^14^ l-*fl ifl 132] ^ #)^ r> ^7l7> ^ 

7>^1^ SL€- oflui^7> -^-7>^^ ^o^ELS. ol ufl^ -g-o] ^tfl ^ 

*1 °HM^7> ^-7>^rf^ ^71(160)^1 ^ ^l7]-f-o.S.^ ^o] 5)^31, 

°1 *fl < ?]7>£l^ ■%■<>] ^n^r ^7) (160)7> ##1^- ^ o-£] Jjtfl ^^o S ^. 

<144> ^ 13 s, ^ # A >ol^ £ 7fl o) o| ^ oflui7.l7> ^ 

o] ^cfl a}o}o) #0.5. ^-^7>7> 3*1*1 ^ &i=Hr J^M^. 

<145> 4a> i igTgo) ^2^Al<^Hl ^ <HM , F k #^ (0)©.S 

<146> ^^144 ^-§^# ^-g- 71(160 HI 9l7}^}7) 71(150)^ 
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<W7> s. 6°fl £>M^ ^-o], ^H7l(150)fe ^31^-^-^(110)^ 7l^S ^Efl^j 

EK^(0)51 Al7_> ^51)(*(0)* 7H^*>^(S610). 

<148> o]H7]] ^Hfltf]El(x(0)^ ^£tf]EK^(0)S.-^B^ S.= ^-Efl^El(#(0) (modal state 

vector)^] (£('))«- ^<l>W(S620). JEJ^^Ei #£(#(0)^ ^^^1^^ 

iL4 ^^ii^o.s, a^Bfl^EK#(0)2i ^(^(0)^ £(t) = (S T KS)-\S T K)x(t) 

<149> ZL&U, ole^l SLJEL^^E^CO)^ ^5L(^(0)# ol^.^ ; ^71(160)^ <?17>€ ^ 
^ ^jEK/(0)Sl A ^(^X^, j^^ ^71^ (j=l p)^ 7fl>£ 

tb^-(S630-S650). 

<150> j^ti ^7}2) ^mfj)£ 7fl^j- 7 ) ^1^71(150)^, i=l n ^ S. 

<151> #7] ##(S630HH i=l n £] S.^ 5. = ^ ^ Q//gn(£)>0 # o>^>^ 73 

-t-°A , ^71^ ^^(/,)°- -^V ^^W(S635). 

<152> ^1^7](150)^, i=l,...,n^ i^i^fl 5LZL*\] ^tfl Q/'g«(6)<0s. n>^>^7] 

^W(S640). 

<153> ^"71 ^(S640HH i=l,..., n 2] £Ei ^Sfl O,^g»(£)<0. g . *>a^J-^ ^ 
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<154> i=l S.= ofl &n QjSign{l)>0 % n>^^ fe ^o] o}\)5L, SE^V, 

i=l,...,n^ i^^fl scon ^fl £y»S«(£)<0s. o>^>^ o>^ ^^Ml^C^r, 

##(S630)°1M o>q.£ #ia-(S640HH °}^SL), ^7}^\ (//)■§■ <8(0) 

<155> &o] j=i,... (P ^ ji^ ^7}^ S.^- ^^tVcl-(S660). o]sq- ^-o] 

<156> ^H7l(150)^ ol^^l ^]AV^ ^ E ^ ( /(0)^. a o > 7 ] ^ 7l(160) oil o] 7 >t!:4 

(S670) . 

<158> a ) ^^fl S) a o V 7 ] *lH7Kl50)^r ^l^-a-^(HO)^- ^*S\B\(x(t))2) 4-5L(*(0 

)# 33 3#*Rr ^^-S. €!Ur l^SH, ^]A^^(110)O.S-^Ei 

^Efl^Ei (*(0)# o]l- o]-g-^ ^ £ (X(0)# 7^}-^ ^ 91^ 

^-^(110)* ol-g-^}- ojcqo} tij-^o]] <^§}<*| ^-EfltfnE^ ^i(X(0)# £fe 

<159> oj^-O.^ ^ ^ofl ^ W>^*V ^Hll" ^^^o|^u|, ^-7] ^Aja^) 

7}# *}6j| o]^. -g-ol^j-71] ^Sfcfjl o]^^^ y^o} s.- ^.g. 
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<160> M. i^O} ^Al^ofl o]^^, Al^*HH, ^)o]6)) 

<161> Ol^tb ^31^ ^l^^o]] ^7} A^^l^ Al^^oj ^0-£^ ^ ^ 
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4^7H2l (spring), ^"71 i£^o]l z}-z}- tfl-§-s)^ ^7fl^ ^31 (damper), £ 4 

^r(p)7fl^ (actuator )* £#*Kr ^31^-§- 3>8#£|7} 91^ 4^(n) 

*MfS. ^ ^7 r §31 « o v^Ai(^*)-^ i)o £ ^s)-^ 

#71 ^^lfil ^fl^(^)^ ^^(eigenvector)-!-* 7fl#*Hf #7)1; 
#71 ji^-tfjE-l#*- #71 ^^lSl ^^(MHl tfl*H ^s}-(normalize)*Rr #31 

#7l ^fl-5r^ o]^o]^\ -e-A>^^^(S)( s i m iiarity transform matrix) 

#7l ^fr^Kmass normalization)* ^«fl ^^U# 2.JE. ^fl-s|-(mode 

normalization)^}-^- ^3:^1 ; 

i] Afi(0 + C(x(r) - ii(0)+*(*(0 - «(/)) = P/(0 
<^7H, a^3Q^ Al^Eflo} *l~f}-;£( degree of freedom)^ ^-^^ ^-g-^ 7fl^# 
^ n^r pel- ^- nfl , 

M, C, * ^ ^ nx n tfl^s) ^%=^^(mass matrix), *3 1( damping matrix), 
^ 7J-^^| ^(stiffness matrix)^, #7l ^^!(M)£r °<^*1 *Sl(positive 
definite matrix), #7l #^qj^(C)£- ^^l «8 ^(positive semi-definite matrix) , 
=LZ]3L #7l 7^ <y=^^l ^ ^(positive definite matrix) 31, 
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#7} ^-§-7)^ ^*H1 tfl-g-E)^ nxp£] ^ sJKreal matrix W ji, 

x(Osq- "(O^r nxl ^-Efl«]EKstate vector)^- ^^(disturbance vector 
/(Ofe pxi ^^)tf]E^oicf. 

[^t 1 * 2] 

*Hl^H, 

^"71 5LIL ^fl-Sr i&XIfe, 
^-71 z}- ^^9] iE^ ^Hr(*/)2r ^"71 tfl-g-Sl^ ^(damping 

constant)( c >) *W°1lfe- *r Bxc ^ «H #3]7 r ^fi*Hr 3! £-.3. ^^^^ 

3] 

7}^-*V^ Aj^efl o_^a^| f 

4^r7fl^ (spring); 
#7l il^ofl zj-z^ cfl-g-sq^ 4^ti^ ^s] (damper); ^ 

^71 T^Hl -8-71 Al^eflo^] M.^( p)7fl o 1 ^ 

7l(actuator)l- it^r^ xW*}^ *)^$\# >M ^ H ^-.S>| , 

#7] ^ + m^.«\] cfltr ^^^7> 5^ 4^(n) 7HK51 ^7 r «j-^(^«H=] 

1H *l<£^2}-( decoupled)^ -i^JLS. *}^r 7.}^}9] *\^& *}^. 
[ ^^1] Mc{t) + C{x(t)-u(t)) + K{xit)-uit)) = Pf(t) 

<*}7H, a^^I^ Al^^o^ *KK£(degree of freedom)^ l^^Q ^7}9] ?fl^# AA 
n-4 p5} ^ nfl , 
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M, C, ^ K^r nx n tfl^ ^^=*Jl(mass matrix), *git (damping matrix), 

^ 7 <H3^1 (stiffness matrix)^, #7l ^^KM)^ <£^*1 ^(positive 
definite matrix), #7l ^^|(C)^ ^^^1 *3t(positive semi-definite matrix) , 
ZLElJ! #7l #>$«8^(£>£. oj:^^ ^Kpositive definite matrix)^ jl, 
^-71 P±r <%x}6\) rfl-g-s}^ n xp^ ^ ^(real matrixHJI, 

x(r)sf "(0^ ZfZf n*l ^-Hfl^E-] (state vector)^- ^ ft ^ (disturbance vector)^, 
/(0^ pxl S>\m^ t ^^)*S\B\o]r±. 

[^^J- 4] 

*fl3^H, 

#7l A ^^S] #^ ( *,. )s q. # 7 j a £ ^o]1 tfl-§-5l^ ^3 #3 ^(damping 

constant)( c ;) A}oH^ Ar y =axc^ ^ ^ ]7> # 3^ e^io S ^ 

5] 

#7l ^*)-Allo1lA^ 3.B. ^(n)^f ^7l^ 7fl^(p)7V ^^JI, 

#71 #Efl«3]Ei( X (0)H^r ZL 4=.5L(x(t)m 7)^S. #71 ^7l« ^H^7l ^ tb 

^Bt-aH- nl 5L^>s] ( 

#71 ^Hl-elfe, f = Q~'f9\ ^n°_S. #71 ^71 -fr^-fr *)H*Kr ^ 
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<*{7)*\, Q = s T f, f i =- c s i 4i i ^ x(0 = sg(0 SL/ q C Si - £ co|l 

^ ^s)( s ky hook damper)^ Tfl ^(damping coefficient) 0 ^. 
[3^8" 6] 

-$M ^^16)1A^ ^7)$] 7fl^(p)^ ^-71 5L = ^(n)li^ ^ JI , 

f i =-F Si si 8 n(l) = f t Q v f J 

(<^7H, Q = S T P ^ x(0 = ^#(001^1, F s> .^. ji^^fl 2.H.«^1 <?1^^ i7 r °l ^ 1-f- c> 
# ^^(sky hook coulomb friction damper)^) ^r^i^ °l' c f) . 
7] 

#7] ^Bl-e^, 
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ifQjSign{i)>08cQ 2J sigr^ 2 )>0& 'Q^ign{^0, f y 
ifQ J sig*&>0&Q y sign(i 2 )>0&. ■ a/igKl)<0, f s 

ifQ/ig<£ l )<0&Q y sigri(g 2 ) <0&- • Q^igKO <0, f s 



-Fa 



-F 

(2*-2) 

-F B 



jai^fl ^7l7> ^.^$1^ <$2] s|tfl *ll (positive maximum force)*}- * 

S] ^rfl *fl<>|^ (negative maximum force)* A y A F p ^ ^ ^ , F a^ <3(0)-4 

*r°l^ ^(0)4 ^ a\o)^ -l^jl ^ = l,...,(2"-2)o 11 ^ 

[3^* 8] 



ifQsignd^O for i=\.../i, /. =-F 1 

ifQ 0 sig"(£)<0 M i=l.../i, fj =-F B 
Otherwise , fj~® 



* W*r*r ^mf(0)SL3. ^7} ^7} 



[^^J- 9] 



*ll8^HH, 
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[^U- 10] 

S> 7 ] ^«Hl-4 ^-o] ^^5)-^^ s>7l ^^24 ^-o] Hjo^^sj-sl^ (decoupled) £^ 

^7] ^n^is] ^Efl^jEKstate vector)(*(0)s] ^.£(*(0)# Tfl^Rr #31; 

f(t) = (S T Pr(-C Si )(S T KST\S T K)x(t)-] $0 3. t***(/(0)* 7fl->*Rr t^j- 
^XIH^H, C afe . s^<Hl <S^^ ^?}o) ^ ^(skyhook damper)^ #£)7fl^ 

(damping coefficient)^ ) ; ^ 
#7l Tfl^ ^^(/(0)o.S #7] ^7] ^y^g- ^*Rr i^*Rr 

ai ! ] A^(0 + C(x(0 - ii(0) + K{x(t) - u(t)) = Pf{t) 

<*)7H, 7sKKE(degree of freedom)^ ^7]^ 7fl^# A 

4n4 p2} t «!, 

M, C, ^ AA nx n ^R 1 ^ ^^^^(mass matrix), % 1( damping matrix), 

^ #^31 (stiffness matrix)^, <$7) ^%=^^(M)^r ^(positive 
definite matrix), -#7] AM*$^(C)£r °^^^\ (positive semi-definite matrix), 
ZLelJl #7l ^^^(^)o. oj:^^ ^(positive definite matrix)^, 
^7) p±r ^7} 3] <H*H1 tfl-§-£]ir nxpS] ^ ^Kreal matrix) °}JL, 
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x(Osq- «(0^ AA nxl ^^(state vector)^ sq (disturbance vector 
/(O^r pxl 9\m^ y ^^)^^o1jl, 

[ - ^ 2] /|(0 + ^fc>, fe(0 - W)+ A x (#(0 - 7(0) = Ao 
nxn ^*5 < l(unit matrix)°lJL, 

^1(5)^ ^^^(^)o^ ZL-B-«]BKeigen vector o] ^o|x1ji ^^(MHl tfi 
«H ^fl^Knormalize)^ , ^(SWI a^M Q = S T P , f = Qf(t) j 

x(t) = Sg(t) u(t) = Stj(t) S T KS = diag[co, 2 ) = A K> ^ 5 r C5 = C = ^[2^,]s. n>a 

11] 

^>7l ^-o] ^j^^ ^«j-Ai 2 2}- ^o] til (decoupled) 

-*7l ^^1^ ^-EfltfjEl (state vector)(*(0)Sl ^51(*(0)-& Tfl^Rr i&Tfl ; 

m/igKi,)<0&Q 2J sigr^ 2 )<0&--^ J sigrKl)>0, f j =-^_ 2) 
(positive maximum force)^}- ^cfl ^1]^ ^ (negat ive maximum force)^- Zf^f f p 3± 
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Fnt* % txfl, F A ^ <^(0)4 F p a>o-|o] #*. t F B ^ <^(o)3f F w AHcq ^ ( 
Ar = l,...,(2"-2)o ll ^ F k F A <% F B xyo]^ ^o. ^^cf); £ 

^•71 Tfl^ ^^(/(0)o.5l >^7i ^^7l -R-^ ^*Kr #31;!- i^Rr *>**r 
[ Aft(0 + c(x(0-«(0)+^(0-"(0) = i > /(0 

<^7H, *l^o} ^V-friE (degree of freedom)^ ^71^ 7fl^# zj-z]- 

n4 pE} % ufl , 

M, C, ^ ^ zj-zj- nx n tfl^'S] ^^(mass matrix), ^ (damping matrix), 
7 eMS« (stiffness matrix)^, 4 v 7l ^D=*8£(M)£- <S^*1 ^(positive 
definite matrix), ^7] ^^^(C)^ <#^*1 ^(positive semi-definite matrix), 
zl&Iji -#71 #s§*®^(K)-& °<^*1 ^(positive definite matrixH:2, 
#7j P^r ^71^ ^H*H cfl-g-s]^ nxp^ ^ <8^(real matrix)<>l JL, 

*(0<4 "(0^ zj-z}- nxl ^-Efl^jEKstate vector)^ ^ (disturbance vector )<>1H, 

/(')^r pxl ^(^T. ^^)^Eio]j7 ( 

2 ] j?(o + <M2£>, fe(o - m)+ k too - 7(0)= Ao 

nx n ^*S^(unit matrix)^ JL, 
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S)±= #^*8H(K)2\ Jl-fr^Ceigen vector ol^*lJl ^^(MHl tfl*><^ ^ 
fl-5r(normalize)^ ^IsL^i, «(S)ofl i^H Q = S T P > f = Qf(t) > *(/) = S <f (0 , 
u(t) = Sr]{t) S T KS = diag[a) l 2 ] = A Kt ^ S T CS = C = diag[2£ ^ nV^^cf 

[3^* 12] 



//^/gw(# f )>0/or/=l,...A /,=-^ 
i/QjSign(l)<0 fori=\.../i, fj=-F B 
Otherwise , /\ = 0 



[^Jt 1 * 13] 

^112*^1^, 

^7) F A ±t F P&^r, H^JL #7} F B ±= F N&Sr 7Hb ^-fr ^1 O.JS. 7}^} ^. 
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[£ 1] 
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[-£ 3] 



L 



s 


YS/t 
.... 


C Si 





.2 



2^j©j 



{±3\o\ ^ am h|ch Ai^fgoj ^sj sgl) 



[£L 4] 



QTW) 



g(* ) = is T Ksv\s T K)i(t) n& 



X 



/(r)=(,y r />r 1 (-c Si )#(f) gig 
i 



T l M( /(/))* ^#7|0|| 0| 7 |. 

T 



-S410 
-S420 
-S430 
-S440 



(EE) 
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[51 5] 




{±.?\o\ ^ mm 2.— a^l *\\o\ A|^g|o| ^ soj) 
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